Predicting reward is essential in learning approach behaviors. Dopaminergic activity has been implicated in reward, movement, and cognitive processes, all essential elements in learning. The nucleus accumbens (NAc) receives converging inputs from corticolimbic information-processing areas and from mesolimbic dopamine neurons originating in the ventral tegmental area. Previously, we reported that in mice, a dopamine D2 receptor knockout (D2R-KO) eliminated the prereward inhibitory response, increased place-field size of NAc neurons, and reduced locomotor activity without marked change in intracranial self-stimulation (ICSS) behavior. The present study investigated the specific contribution of dopamine D1 receptor (D1R) in mediating reward, locomotor activity, and spatial associative processes and in regulating NAc neural responses. In contrast to D2R-KO animals, here we find D1R-KO in mice selectively eliminated the prereward excitatory response and decreased place-field size of NAc neurons. Furthermore, D1R-KO impaired ICSS behavior, seriously reduced locomotor activity, and retarded acquisition of a place learning task. Thus, the present results suggest that D1R may be an important determinant in brain stimulation reward (ICSS) and participates in coding for a type of reward prediction of NAc neurons and in spatial learning.
D
opaminergic systems innervate the hippocampal formation (HF), prefrontal cortex, amygdala (AM), and ventral striatum and mediate cognitive processes of working memory and learning (1) (2) (3) (4) (5) (6) . The nucleus accumbens (NAc) is reliably linked to motivation, locomotion, reward-related processes, and some cognitive functions (1, 3, (7) (8) (9) . It receives excitatory glutamatergic input from the prefrontal cortex, HF, and AM, as well as a dense converging dopaminergic innervation from the ventral tegmental area (3, 10, 11) . Thus, NAc neurons are positioned to recognize context-driven patterns of activation and to relay this information to planning and motor executive systems for appropriate behavioral responses (1, 3, 7, 8, 12) . Dopamine has profound effects on behavior as highlighted in previous studies (13) (14) (15) (16) . Nevertheless, the contribution of dopamine D1 receptor (D1R) in assessing reward information at neural level and its link to behaviors such as spatial associative learning remains to be specified. In the present study, we used knockout mice lacking D1R (D1R-KO) and their wild-type (WT) littermates to examine the contribution of this receptor in mediating reward, locomotion, and spatial learning and in regulating neural responses to prediction of reward. These mice were tested for their ability to perform several spatial tasks, including random reward place search task (RRPST) and place learning task (PLT), by using intracranial self-stimulation (ICSS) as rewards (15) . To investigate the involvement of D1R functions in reward processing and spatial associative processes, we recorded neural activity from the NAc of D1R-KO mice and their WT littermates, both of which were well trained in the RRPST and PLT.
Materials and Methods
Subjects. Nine male WT mice (27-35 g ) and nine male D1R-KO mice (23-29 g ) were used in the present experiment. We obtained the mice from a collaborative laboratory (National Institute for Basic Biology, Okazaki National Research Institute). The experiment was conducted in accordance with guidelines of the National Institutes of Health and Toyama Medical and Pharmaceutical University.
Electrode Implantation and ICSS Training. Mice were implanted bilaterally with monopolar stimulating electrodes for ICSS in the medial forebrain bundle at the level of the posterior lateral hypothalamic area (anteroposterior, Ϫ2.3 mm; mediolateral, Ϯ0.70 mm; and dorsoventral, Ϫ5.3 mm from the bregma) (17) . The recording electrodes assembly was implanted into the dorsal part of the NAc (anteroposterior, ϩ1.42 mm, and mediolateral, Ϯ0.70 mm from the bregma) during the same surgery. This medial region of the NAc exhibits a proportion of neurons that receive converging inputs from both the HF and the AM (10, 11). After recovery from surgery, the efficacy of electrical stimulation was verified in a nose-poking chamber. The mouse was trained daily to self-stimulate in 30-to 60-min sessions for 5-7 days. The current intensity began from 20 A and was gradually increased by a 10-A step to determine optimal intensity. After the mouse had learned to make nose-poking responses at stable rates, they were tested at 80% of the optimal intensity with an ascending range of frequencies incremented in Ϸ0.1 logarithmic units (a 500-ms train of 0.3-ms biphasic square wave, from 16 to 126 Hz, 2 min per episode).
Spatial Task Training. The mice were trained to perform spatial tasks in an open field (80-cm diameter, 25-cm-high wall) that was painted black inside and enclosed by a black curtain. On the first day of training, the cumulative distance traveled in a 10-min trial served as a measure of spontaneous locomotor activity. In the distance movement task (DMT), mice could obtain 50 brain stimulation rewards (BSR) (optimal intensity at 80 Hz) over 10 min for moving a predetermined distance criteria. The distance criteria began at 30 cm and were increased (50, 80 cm). The mice were tested subsequently in the RRPST and PLT. In the RRPST, a reward place (30-cm diameter) was delineated with its center chosen at random within the open field. The mouse was rewarded with BSR when it entered the reward place. In the PLT, there were two reward places (20-cm diameter) located diametrically opposite one another in the open field. The mouse was rewarded in both places when it returned to one reward place after visiting the other. A trial was terminated when the mouse had received 50 BSR or 10 min had passed, whichever occurred first.
Behavioral Analysis. The methods of collection and analysis of behavioral data are described in ref. 15 . A computer was programmed to monitor the following: (i) the number of nose pokes that occurred in the operant chamber; (ii) spontaneous locomotor activity in the open field; and (iii) the number of rewards acquired, distance traveled, and duration of each trial in the three spatial tasks. For the number of nose pokes, spontaneous locomotor activity, and trial duration in the DMT, a two-tailed Student t test (P Ͻ 0.05) was performed to determine whether statistically significant differences existed between control and experimental animals. The number of rewards and distance traveled in the RRPST and PLT were analyzed by using two-way ANOVA (animal type, between subjects; day, within subjects). For individual comparisons between subjects, we used the two-tailed Student t test; for those within subjects, we used Fisher's probable least-squares difference test (P Ͻ 0.05).
Electrophysiological Recording. To locate neural activity, the recording electrode assembly was advanced in the NAc at 20-40 m per day. Activity from each microwire was screened daily while the mouse was in the recording apparatus until unit waveforms of sufficient amplitude yielding signal-to-noise ratio of Ͼ3:1 could be isolated. Subsequently, the well isolated unit was recorded while the mice performed the RRPST and PLT.
Analysis of Neuronal Responses to Reward and Location.
The averaged firing rate during 4-s bin before the onset of rewards in RRPST trials served as the baseline rate, which was compared with the firing rate in the reward period, by a paired t test (P Ͻ 0.05). Based on responsiveness to BSR in the RRPST, each recorded neuron was classified into the inhibitory (I), excitatory (E), or no response (N) category. Identification of prereward and postreward responses of I-, E-, and N-type neurons were determined in the PLT. Neurons were considered to be prereward inhibitory (I pre ), excitatory (E pre ), no prediction response (N pre ), and postreward inhibitory (I post ), excitatory (E post ) or no postreward response (N post ) if they showed relevant responses in these phases at both of the two rewarding places. Place fields were determined by the data in the RRPST (15) . A place field was a cluster of pixels with firing rate exceeding twice the identified mean firing rate, and each place field contained at least nine contiguous pixels.
Results
First, we tested the effect of D1R-KO on ICSS behavior. There was a significant difference in the mean current intensity for ICSS in an operant chamber between the two types of mice (Fig.  1Aa) . The frequency-response curve for D1R-KO mice shifted rightward ( Fig. 1 Ab), indicating that they had an increased self-stimulation threshold. For ICSS behavior, changes in intensity and frequency of the stimulation are thought to produce parallel shifts in spatial and temporal summation, respectively, of the induced neural activity at synapses (18) . Thus, in the D1R-KO mice, the rightward shift in either or both curves implies that more current is required to produce an equivalent reward as measured by the rate of operant responding.
In tests of forward locomotion over extended periods, the D1R-KO mice showed a significant reduction in activity compared with their WT littermates (Fig. 1B) . We found differences in the elapsed time per trial between the two groups when various distance criteria were used in a DMT (Fig. 1C) . This result demonstrates that the D1R-KO mice moved more slowly than the WT mice. This reduced locomotion was also evident during RRPST training over consecutive days (Fig. 1Da) and paralleled the fewer rewards that the mice acquired in this task (Fig. 1Db) . For testing spatial learning ability, we trained the mice in the PLT. The D1R-KO mice clearly were retarded in the acquisition of the PLT (Fig. 1E) . They traveled less than the WT mice during the first 4 days (Fig. 1Ea) but obtained fewer rewards throughout 10 days of training (Fig. 1Eb) . Although the D1R-KO mice increased the number of rewards they obtained over the course of training, they never reached the performance of the WT mice. Examination on the trails observed in the PLT revealed that, whereas the WT mice shuttled between two fixed rewarding places efficiently (Fig. 2 Ba and Da), the D1R-KO mice traveled in circles (Fig. 3 Ba and Da).
We next investigated how the D1R influences neural responses in the NAc during these behavioral tests. Typical examples of I-and E-type neural responses recorded from the WT mice during the RRPST are shown in Fig. 2 A and C, respectively. During the BSR period, suppression in firing of the I-type neurons ranged from 34% to 90% ( Fig. 2A b and c) , and facilitation of the E-type ranged from 60% to 500% (Fig. 2C b and c). These I-and E-type neurons in the RRPST also showed prereward inhibitory (Fig. 2Bb) or excitatory (Fig. 2Db) responses in the PLT, respectively. In the WT mice, most of the Iand E-type neurons showed their respective responses of 1-1.5 s preceding the reward delivery, with I-type neurons showing decreases in prereward firing from 32% to 73% and E-type neurons showing prereward excitatory with increases in firing from 40% to 300%. Postreward responses lasted for 0.5-1.5 s, with decreases in firing from 32% to 85% or increases in firing from 42% to 250%. Fig. 3 A and C shows typical I-and E-type neurons recorded from the D1R-KO mice in the RRPST. In the PLT, the prereward inhibitory response appeared normally (Fig. 3Bb) in the I-type neuron, which also displayed an inhibitory response in the reward and postreward phases. Conversely, the prereward excitatory response was absent in the E-type neuron (Fig. 3Db) . In fact, this E-type neuron displayed prereward inhibitory response.
The activity of 67 and 61 neurons was recorded from the medial core part of the NAc of the WT and D1R-KO mice, respectively, during the RRPST and PLT tests. Table 1 compares the response characteristics of neurons from the WT and D1R-KO mice. Consistent with our previous studies using rats (19) and mice (15) , in WT mice, the number of neurons with prereward excitatory responses (9 of 67, 13.5%) was roughly equal to those with inhibitory responses (11 of 67, 16.3%). In the D1R-KO mice, in contrast, there were no neurons with prereward excitatory responses (0 of 61, 0%), whereas the number of prereward inhibitory neurons (9 of 61, 14.8%) was comparable with that of the WT mice. Interestingly, although the number of I-type neurons with prereward inhibitory responses did not differ between the WT and D1R-KO mice, there were a few E-type neurons having prereward inhibitory responses in the D1R-KO mice (3 of 61, 4.9%), but none in the WT mice. The total number of responding neurons in the reward and postreward phases did not differ significantly between the two groups.
The average place-field size of place-related neurons (i.e., neurons that increased their activity when the mouse was at a specific location in the open field) in the D1R-KO mice was about half that of the WT mice (Table 1 ) (D1R-KO, 172 Ϯ 21 cm 2 , 3.4% of recording arena; WT, 350 Ϯ 52 cm 2 , 7% of recording arena; P Ͻ 0.05). Fig. 2 A shows an example of a place-related neuron in the WT mice, with a place field located at the center of the open field. An I-type neuron from a D1R-KO mouse with a smaller place field is illustrated in Fig. 3A . Fig. 2 . Note that prereward excitation is absent in E-type neuron (Db), whereas I-type neurons still display prereward inhibition (Bb).
Discussion
Major neural systems of the brain use dopamine as a principal neurotransmitter to mediate locomotor (nigrostriatal system), motivated behavior (mesolimbic system), and learning and memory (mesocortical system). Impairments in the nigrostriatal pathway contribute to dysfunctional movement, a common symptom in Parkinson's disease. Therefore, the reduced locomotor activity observed in the D1R-KO mice may have resulted from changes in the D1R system in the nigrostriatal system. Previously, we have shown that D2R-KO also resulted in a reduction of locomotor activity (15) , but milder than that of the D1R-KO mice. Thus, both D1R and D2R are involved in control of locomotor behavior, and they function in a synergistic interaction manner (20) (21) (22) . The mesolimbic and mesocortical pathways, arising mainly from the ventral tegmental area and innervating the mesial parts of the limbic system, including the NAc, AM, HF, and prefrontal cortex, function in incentive motivational processes (1, (7) (8) (9) . It has been reported that reward information is processed in the prefrontal cortex, AM, and ventral tegmental area (3, (23) (24) (25) (26) (27) (28) , and spatial information is processed in the HF (5, 29, 30) , both of which then converge on NAc neurons (10, 11, 15, 19) . The D1R-KO eliminated the prereward excitatory response in the NAc of mice, whereas the response during and after reward was unchanged. The D1R facilitates synaptic excitatory responses induced by activation of N-methyl-D-aspartate receptors (11, 31) . Based on our observations, we suggest that the D1R plays a critical role in coding the prereward excitatory response of NAc dopaminoceptive neurons during the incentive phase, but not in the rewarding (consummatory) or postreward phases of motivated behavior. Alteration in neural responses in incentive phase in the D1R-KO mice could reflect the essential contribution of the D1R in predictive response of NAc neurons. However, it also might reflect dysfunction of the D1R in the structures providing reward information to the NAc, such as the AM. Action of dopamine expressed via the D1R and D2R in the NAc and its afferent sources may interact with glutamatergic action through NMDA receptors (11, (20) (21) (22) 31) , which then affect learning (5, 32) or other conditions such as drug sensitization (33) . Depletion of dopamine, and lesions of the NAc or its afferent pathways, such as damage to the HF, cause changes in spatial performance (2, 5, 34, 35) . A blockade of D1-like receptors caused a decrease in stability of hippocampal place fields (36) , which in turn could influence spatial task performance. In the D1R-KO mice, therefore, the impairment of spatial learning in parallel with changes in the NAc place-related activity could be attributed to hippocampal dysfunction due to the lack of D1R.
Information about the location of a reward and predicting its availability is important for establishing approach behavior (3). Previously, we found that the D2R-KO failed to exhibit a prereward inhibitory response but that its prereward excitatory response was unchanged. These mice and their WT controls also performed the PLT comparably (15) . In contrast, NAc neurons in the D1R-KO mice reported here lacked prereward excitatory responses, and these mice performed poorly in the PLT. Based on the data from both types of KOs, we suggest that the prereward excitatory response in NAc neurons depends on the D1R, and it might partly contribute to perform spatial tasks based on memory of a place associated with reward (e.g., the PLT). The prereward inhibitory response, conversely, appears to depend on the D2R (15) . It was unchanged in the I-type cells or even increased in the E-type cells of D1R-KO mice but clearly was insufficient to permit normal performance of the PLT. Thus, we have demonstrated that lacking of the D1R resulted in the spatial learning deficit and selective incentive alterations in the NAc neural response, suggesting an important contribution of D1R in neural mechanism for spatial associative learning at neural and behavioral levels. Neurons recorded from the WT and D1R-KO mice were classified as inhibitory (I), excitatory (E), or no response (N) according to their responses to BSR in the RRPST. The responses of classified neurons before (pre) and after (post) reward were examined in the PLT. Place field sizes were measured in the RRPST. *P Ͻ 0.01 ( 2 test). † P Ͻ 0.05 (t test).
